Abstract : In the industrial field of motion control, many systems are nonholonomic, and thefore are difficult to control by static state feedback. As a controller design method for nonholonomic systems, a time-state control form that is applicable to a broad class of nonholonomic systems has been proposed. This paper describes three applications of controllers designed to utilize the time-state control form for the motion control of the following ground vehicles: a large-scale transfer crane, a rotary snow remover, and the mobile field of the Sapporo Dome stadium. In the first two examples, we develop a control function in a time-state control form into an integral type, and a combination of a filter and the Smith compensator. In the third example, we confirm the validity of the motion control by computer simulations and actual experiments.
Introduction
Nonholonomic systems are nonlinear systems and are difficult to control because they cannot be stabilized by normal continuous static state feedback controllers. A familiar example of a nonholonomic system is an automobile with lateral speed constraints, or a ship/underwater vehicle that cannot move laterally when it has no side thruster. In the field of maritime autosteering control, to have a vehicle track a desired route, the Line of Sight (LOS) method [1] with the well-known autopilot has already been put into practical use. The LOS method automatically outputs a heading angle reference to have a ship return to the desired route. The LOS method shown in Fig. 1 is simple. This method sets the forward side of the intersections of a circle centered at the ship's actual position and a tracking route as a heading angle reference for the autopilot. However, it has some disadvantages: the radius of the circle needs to be set as a function of the ship's speed, the controller needs ad hoc adjustment, and improvement of function such as an integral compensation is difficult.
As a design method of controllers for nonholonomic systems, Sampei has proposed a time-state control approach that is intuitive and applicable to a broad class of nonholonomic systems [2] , [3] . There are many other nonholonomic objects in the industrial field besides automobiles and ships. This paper describes three applications of the controller design method utilizing the time-state control form for the motion control of the following ground vehicles: a large-scale transfer crane, a rotary snow remover, and the mobile field of the Sapporo Dome stadium.
Time-State Control Form [2],[3]
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where x ∈ R n is a state variable, u = (u 1 , · · · , u m ) T is a control input, and assume m < n. Brockett showed that a continuous static state feedback control asymptotically stabilizing an equilibrium point of the system does not exist.
The following is the coordinate transformation for (1) to obtain the time-state control form:
where ξ ∈ R n−1 and τ ∈ R is a new time scale instead of actual time scale t, and the input transformation is:
A class of (1) can be divided into the two equations by transformation of (2) and (3):
Combination of the state control part (4) and the time control part (5) is called the time-state control form. Usually the time scale of a state equation is actual time t, but in discussing system stability, the resulting monotonically increasing/decreasing function can be set as the time scale of a state equation. Therefore, monotonically increasing τ with an increase of actual time JCMSI 0005/08/0105-0345 c 2008 SICE t is set as the new time scale. Here, if the first order approximation in the neighborhood of an equilibrium point of the system (4):
is controllable, a continuous static feedback controller that stabilizes an equilibrium point exists as long as the time scale τ monotonically increases or decreases.
Auto-Steering Control for Rubber Tired Gantry Crane
Gate-shaped transfer cranes (RTG: Rubber Tired Gantry Crane) are used to load/unload a chassis at a container storage space in a container terminal and also as gantry cranes for loading/unloading a ship. The RTG is shown in Fig. 2 , and its specifications are shown in Table 1 . The RTG is mounted with eight tires and can run by itself in the yard. However, operators must be skilled in order to drive it straight by adjusting the speed of both legs because the steering angle of the tire is fixed.
The motion equation of the RTG is represented by the nonholonomic system. Conventional control methods determine control rules using a first order approximated model at a constant speed and changing the control gains in accelerating/decelerating. However, these methods use many parameters to control and require much time for adjustment. In this paper, a uniform control strategy based on the time-state control form, which is effective even if the traveling speed changes, is proposed.
Feedback Control Structure
By simple geometric calculation from the model shown in Fig. 3 , the differential equations:
can be formulated where the traveling speeds of right and left legs are represented as v 1 and v 2 respectively; average speed of the both legs is u 1 ; the target trajectory for traveling is set on the x-axis; and w is the speed of lateral movement in the y-axis direction due to ground inclination and is assumed to be proportional toẋ with a constant coefficient C. Next, angular velocity of the both legs is ψ = (v 1 − v 2 )/L, and by defining u 2 =ψ, the state equation of the system, the same form as the driftless equation (1), can be formulated as:
This can be transformed into a controllable system using the time-state control form. If the transformation τ = x and μ = u 2 /u 1 are used for (8), then
The first order approximation (9) represents the stabilizable state equation including the stationary disturbance term C. Equation (9) is defined as a function of time scale x of the traveling distance in the x-axis direction. Equation (10) describes motion in the x-axis direction. Hereinafter, the state equation (9) described on the time scale x is called the distance scale model.
In (7), traveling speedẋ is not automatically controlled for safety, but is controlled manually by the operator in the cab. If the stabilizing state feedback gain for (9) is defined as f 1 , f 2 , the controller is represented as Fig. 4 .
The final controller in actual time t has the variable gain structure regarding the traveling speed u 1 as follows:
The controller (11) is available by inverting the sign of ψ even if the RTG is operating in the negative direction of the x-axis. Fig. 4 Schematic structure of the state-feedback controller.
Auto-Steering Control Results
Feedback signals of lateral deviation y and yawing deviation ψ are detected by a magnetic guide bar on the ground and magnetic sensors attached to the front and back of one leg as shown in Fig. 5 . Figure 6 shows the results of automatic steering in a container yard. Because the ground of the container yard is slightly sloped for draining, there is a steady-state deviation of about 1 cm.
To reduce the influence of disturbance C caused by the drainage slope, (11) is modified into an integral type on the distance scale. As shown in Fig. 7 , the integral control f 3 ydx regarding lateral deviation y is actually calculated by multiplying y by the absolute value of the traveling speed commandẋ and gain f 3 , and is integrated at actual time t because dx = u 1 cos ψdt. Figure 8 shows the results of automatic steering with the integral type controller. This suggests that the steady-state deviation of y is reduced to nearly zero. 
Auto-Steering Control for Rotary Snow Remover
A rotary snow remover in areas with heavy snowfall is usually operated by two persons: a driver and a snow loading chute operator. The auto-steering control system for a rotary snow remover is designed by the Pubic Works Research Institute, and the system contributes to labor saving and easing operation work. Figure 9 is of a rotary snow remover.
Feedback Control Structure
A rotary snow remover is steered by the center articulated steering method as shown in Fig. 10 . Here, the coordinate system fixed to the ground is x e y e , and center P of the front axle is the origin of the coordinate system x b y b with the forward direction as the x-axis. The intersection point of the target trajectory and y b -axis is the origin of the coordinate system xy with the tangent line of the running direction as the x-axis. The angle of the x-axis from the x b -axis is ψ, and the angle of the x-axis from the x e -axis is φ. When the angle of the front body relative to the rear body is 2α, circular radius R in turning motion is describled as R = L/ tan α, where L is the length from the axle to the center pin connecting both bodies. Assuming the curvature of target trajectory is smooth and almost straight and the wheels do not slip laterally, then vehicle motion can be approximated by the differential equation: 
where v is the running speed at point P. Next, the above equations are transformed into the differential equation:
where u = tan α/L. Furthermore, the variables are defined by
The system (14) can be stabilized by the state feedback control:
Thus, the manipulated variable α becomes:
Next, the integral type control regarding the distance scale to reduce steady-state deviation:
is considered. Furthermore, feedforward compensation can be utilized because the curvature of reference route 1/R re f is known from the map data beforehand. When feedforward gain is f 4 , then
Therefore, the final manipulated variable α in the actual time scale is
because dx = v cos ψdt.
Route Angle Estimation Filter
Lateral deviation y and deviation angle ψ from the target trajectory are measured with lane markers buried under the ground at constant intervals. Lane marker sensors are installed in front and back of the forward axle at the equal distances. If the measurement values of the sensors are y b1 , y b2 respectively, then
However, since the deviation angle ψ calculated from the lane marker sensors discretely changes in a staircase pattern, ψ must be filtered to avoid drastic change to the manipulated variable. Therefore, an observer-like filter is used to smooth ψ by estimating the variable route angle φ which is regarded as a disturbance. If the estimated route angle φ, which changes by the minute, is known, the deviation angle ψ is θ − φ, i.e. the state equation and the output equation for the filter are shown as:
where [φ, r] T is the state variable and r means the trajectory curvature. Figure 11 shows the block diagram of the filter, estimating the state variable [φ, r] T of (21). Here, integrator 1/s x in the block diagram means integration with regards to distance scale x. The course angle θ of the vehicle is measured by a gyrosensor. In Fig. 11 , k 1 and k 2 are filter parameters (observer gains), and ψ h , φ h and r h are the estimated values of the deviation angle, route angle and route curvature respectively.
Distance Delay Compensator
When a controlled object has a large phase lag such as a time delay, usually control gains must be decreased to guarantee close-loop stability. However, because the lane marker sensors installed on the vehicle have a limited detection range of ±50 cm, control gains cannot be easily decreased. Therefore, adding the Smith compensation technique is considered to increase control gain within the limits of the above-mentioned smoothing filter's effectiveness.
The distance scale model (14) However, there is a problem that even if manipulated variable γ becomes zero, some values still remain due to the influence of Fig. 11 Block diagram of the route angle estimation filter. the integrator in the Smith compensation. Therefore, the structure is considered as compensating only the delay of ψ, which is mainly related to closed-loop stability. Moreover, in spite of ψ = (θ − φ)e −L d s x , only the measurable and smooth signal θ is used for the compensation as shown in Fig. 13 since ψ is the signal calculated from the discretized lane markers and drastically changes γ with the Smith compensation.
Test Run
An auto-steering control test was conducted with the controller including the functions from 4.1 to 4.3. Virtual lane markers made from RTK-GPS were set at 2 m intervals in a sigmoid form, and the vehicle ran at about 2 km/h. In Fig. 14, the location of the virtual lane markers are shown as dots, and the vehicle's precise trajectory is shown as a solid line. Figure 15 shows control deviation y and ψ calculated in (20), based on the lane marker sensors virtually installed on the front and back of the front axle, ψ h value estimated from the route angle estimation filter, and lateral slip speed of the front wheels calculated from steering angle α and RTK-GPS measurement. A snow remover sometimes runs pushing the snow removal equipment installed in front of the front tires against the ground to remove icy snow. Running this way reduces load on the front tires and the tires can easily slip sidways as shown in Fig. 15 . This lateral slip is not considered in the model (12). Moreover, turning motion may be regarded as an inverse response because this lateral slip instantly occurs in the direction opposite to the steering angle. However, the snow remover can be controlled within the stability margin of the controller proposed by this paper.
The effectiveness of the system using actual lane markers [4] was shown by the Public Works Research Institute in the Per- 
Motion Control for Mobile Field of the Sapporo Dome Stadium
For the realization of a natural turf soccer field in a domed stadium in snowy Sapporo, a field equipped with tires that can be moved in or out of the stadium is used. Moving by tires makes the floor flat, and the mobile field allows for the shared use of audience seats for baseball and soccer. Thus, the stadium can be used for many purposes. In the design of the motion control of the mobile field, computer simulations were required for prior examinations of the control performance because the lateral deviation of the straight movement has a maximum allowance due to the power supply system, and effective examinations required detailed models of components such as the tires. In this chapter, a motion control strategy for the mo-bile field and comparisons between the computer simulations and actual control results are shown. Computer simulations are based on the precise tire model whose parameters were obtained from actual measurements.
Outline of the Mobile Soccer Field with Natural Turf
Field specifications are shown in Table 2 , and a photograph of the field moving into the domed stadium is shown in Fig. 16 .
The field is semi-pneumatically supported to reduce tire load. Total weight of the field is 8,300 t, but the air pressure reduces the load of tires nearly to one-tenth. Figure 17 shows the structure of the field. The tires are attached to the edge of the field as shown in Fig. 18 . Thirteen tires on the right and left sides in the moving direction are driving tires. Both the driving and the driven tires are 650 mm in diameter with urethane tread. The driving force is generated by induction motors, and adjusted by altering the inverter frequency. The moving direction is changed by the speed difference of the driving tires on the both sides.
Motion Control of the Field
When the coordinate system is defined as in Fig. 18 , lateral deviation y and deviation angle θ from the x-axis are represented by the following equation with the assumption that the tires do not slip laterally and θ is small [2] , [3] :
where L is the distance between the right and the left driving tires, v is moving speed, and Δv is speed difference between both sides of tires. State feedback control for straight movement is: 
Gains f 1 and f 2 are designed by pole placement. The feedback signal [y, θ] T is measured by a magnetic tape laid on the ground.
Simulation and Experimental Results
There are various factors that hinder the field from moving straight. The main factors are nonsymmetric loads on the driving tires and imbalance in air seal resistance. Lateral deviation allowance is specified within the range of ±100 mm due to restrictions in the power supply system. Therefore, control performance is confirmed by computer simulation with the tire model in Fig. 19 . The tire forces consist of a driving force as a function of longitudinal slip, a cornering force, self-aligning torque, and cornering resistance as a function of slip angle, and rolling resistance. These characteristics were measured by the tire test rig. Moreover, a simulation test was conducted with a scaled down model (field weight: 100 t, drive wheels: 2) to examine the accuracy of the computer simulation. Figure 20 shows a comparison of lateral deviation y and deviation angle θ by actual measurement and computer simulation in a test run of 200 m. The simulation results were nearly the same as the actual measurements except for the area near to zero because the actual system has dead bands of ±16 mm and ±0.02
• where feedback control (24) is not applied.
Conclusion
This paper has presented motion control designs for three types of ground vehicles using a time-state control form. The vehicles are equipped with tires and their motions can be regarded as geometric models without dynamical models because the moving speeds are low. The controllers have a variable gain structure for running speed, and have the advantage of easy tuning on-site. In the first example, the control function in a time-state control form was developed into a integral type. The second example included a combination of a smoothing filter and the Smith compensator. In the third example, the validity of the motion control was confirmed by the computer simulations prior to actual experiment.
